Molecular processes underlying synergistic linuron mineralization in a triple-species bacterial consortium biofilm revealed by differential transcriptomics by Albers, Pieter et al.






O R I G I N A L  A R T I C L E
Molecular processes underlying synergistic linuron 
mineralization in a triple- species bacterial consortium biofilm 
revealed by differential transcriptomics
Pieter Albers1  | Bram Weytjens2,3,4,5 | René De Mot2 | Kathleen Marchal2,3,4,5 |  
Dirk Springael1
This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	




Department of Earth and Environmental 
Sciences,	KU	Leuven,	Leuven,	Belgium























The proteobacteria Variovorax	 sp.	 WDL1,	 Comamonas testosteroni	 WDL7,	 and	
Hyphomicrobium sulfonivorans	WDL6	compose	a	triple-	species	consortium	that	synergis-
tically	degrades	and	grows	on	the	phenylurea	herbicide	linuron.	To	acquire	a	better	in-













degradation is the result of true adaptive cooperation or rather a facultative interaction 
between bacteria that coincidentally occupy complementary metabolic niches.




Mineralization	of	organic	 xenobiotic	 compounds	 is	 often	performed	
by microbial consortia by means of metabolic association in which 
one	 organism	 in	 the	 consortium	 converts	 the	 organic	 xenobiotic	
into metabolites that are degraded by other consortium members 
(Horemans,	Albers,	&	Springael,	2016).	Further	degradation	of	down-
stream metabolites can enhance the initial degradation step resulting 
in	an	overall	increased	efficiency	of	mineralization	of	the	organic	xe-
nobiotic in which case the metabolic association between consortium 
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members	is	called	synergistic.	Members	of	organic	xenobiotic	degrad-
ing consortia are often heterotrophic organisms that also feed sin-
gly	on	compounds	other	than	the	organic	xenobiotic.	Therefore,	it	 is	
not always clear whether metabolic association between consortium 
members is a beneficial interaction that has evolved by cooperative 
adaptation,	at	 least	 in	part	because	of	this	purpose	(West,	Griffin,	&	
Gardner,	2007),	or	rather	represents	a	facultative	interaction	between	
species that coincidentally occupy complementary metabolic niches. 
In	fact,	 the	evolution	of	cooperative	traits	 is	estimated	to	be	rare	 in	
the	microbial	world	(Foster	&	Bell,	2012).	The	rare	examples	of	coop-
eration among bacteria show that the involved bacteria typically have 
developed	specialized	molecular	mechanisms	necessary	for	synergis-
tic	functioning	of	the	consortium,	such	as	coaggregration	or	bacterial	
signaling	 (Rickard	 et	al.,	 2006;	 Shimoyama,	Kato,	 Ishii,	 &	Watanabe,	
2009).	The	identification	of	such	molecular	mechanisms	can	therefore	
be indicative of the evolution of cooperation between bacterial con-
sortium members.
A	 consortium	 that	 synergistically	 degrades	 an	 organic	 xenobi-
otic	compound	has	been	described	for	mineralization	of	the	widely	
used	phenylurea	herbicide	linuron	(Dejonghe	et	al.,	2003).	The	con-
sortium was enriched from an orchard soil with a history of linuron 
treatment	and	originally	consisted	of	five	to	six	species	with	func-
tional redundancy. The consortium can be reduced to three part-
ners,	 that	 is,	 strains	Variovorax	 sp.	WDL1,	Comamonas testosteroni 
WDL7,	 and	 Hyphomicrobium sulfonivorans	 WDL6,	 that	 together	
provide	all	steps	of	the	catabolic	pathway	for	linuron	mineralization	
(Dejonghe	et	al.,	2003).	Metabolic	association,	that	is,	the	exchange	
of	 linuron	metabolites,	has	been	 identified	as	 the	major	driver	 for	
synergistic linuron degradation by the consortium. Variovorax sp. 
WDL1	 hydrolyzes	 linuron	 into	 3,4-	dichloroaniline	 (3,4-	DCA)	 and	
N,O-	dimethylhydroxylamine	 (N,O-DMHA)	 using	 the	 phenylurea	
hydrolase	HylA	(Bers	et	al.,	2013;	Dejonghe	et	al.,	2003).	Although	
WDL1	contains	dca and ccd clusters encoding for the further degra-
dation	of	3,4-	DCA	to	3-	oxoadipate	via	a	chlorocatechol	intermedi-
ate,	3,4-	DCA	is	degraded	inefficiently	by	WDL1.	Instead,	3,4-	DCA	






hydrolysis.	Therefore,	WDL7	 is	 considered	 to	 act	 as	 a	mutualistic	
partner	of	WDL1,	whereas	WDL6	is	suggested	to	have	a	rather	com-
mensal	 role	 (Breugelmans	 et	al.,	 2008).	 The	metabolic	 interaction	
between the three strains is further reflected in their close colocal-
ization	when	grown	as	biofilms	on	linuron	(Breugelmans	et	al.,	2008).	
Conservation	of	species	composition	of	linuron-	degrading	consortia	
as suggested by the isolation of such consortia from geographi-
cally	separated	and	physicochemically	different	soils	(Breugelmans,	
D’Huys,	 De	Mot,	 &	 Springael,	 2007)	 and	 from	molecular	 ecology	
studies	 (Breugelmans	et	al.,	 2007;	Dealtry	et	al.,	 2016;	Horemans,	
Bers,	et	al.,	2016)	underlines	 the	ecological	 relevance	of	 this	mul-
tispecies	 bacterial	 organization.	 Although	 metabolic	 association	
during	 linuron	degradation	 appears	 the	major	 driving	 force	of	 the	
consortium	composition	and	functionality,	we	do	not	know	whether	
other interactions underlie the synergistic degradation of linuron. 
For	instance,	 it	 is	not	yet	clear	which	carbon	source(s)	support	the	
growth	 of	 the	 primary	 linuron	 degrader	 strain	WDL1	 in	 the	 con-
sortium.	Neither	 do	we	 know	whether	 contact-	dependent	 and/or	
-	independent	 mechanisms	 drive	 the	 establishment	 of	 synergistic	
interactions	between	the	consortium	members,	and	which	could	be	
indicative	of	true	cooperative	adaptation	(West	et	al.,	2007).
Differential	 transcriptomics	 using	 next-	generation	 Illumina	
transcript-	sequencing	 technology	 (RNAseq),	 in	 which	 global	 gene	
expression	 is	 compared	between	strains	when	grown	 in	 consortium	
and	in	 isolation,	has	been	recently	successfully	used	to	identify	can-
didate genes relevant for interspecies interactions in both artificially 
composed	consortia	(Garbeva,	Silby,	Raaijmakers,	Levy,	&	Boer,	2011)	




to identify molecular mechanisms mediating synergistic interactions 
between	the	members	of	 the	 linuron-	degrading	consortium	consist-




carbon and energy source.
2  | MATERIALS AND METHODS
2.1 | Bacteria, media, and biofilm growth conditions
Biofilms	were	grown	at	25°C	 in	a	continuous	 flow	chamber	system	
(©BioCentrum	 DTU,	 Denmark)	 as	 described	 by	 Breugelmans	 et	al.	
(2008).	Variovorax	sp.	WDL1	(LMG	27260),	C. testosteroni	WDL7	(LMG	
27261),	 and	 H. sulfonivorans	 WDL6	 (LMG	 27262)	 cell	 suspensions	
















into	 3,4-	DCA.	 Consortium	 and	WDL1/WDL7	monoculture	 biofilms	
were	harvested	after	2	weeks	of	steady-	state	linuron	and/or	3,4-	DCA	
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degradation.	In	all	experiments,	linuron	and	3,4-	DCA	PESTANAL	ana-
lytical	standards	(99.9%;	Sigma-	Aldrich,	Belgium)	were	used.




on	 R2A	 (Reasoner	 &	Geldreich,	 1985)	 supplemented	with	 20	mg/L	
linuron	 for	4	days	 at	 25°C.	WDL6	was	plated	 and	grown	on	MMO	
agar	 plates	 supplemented	 with	 1%	 (vol/vol)	 methanol	 (Boon	 et	al.,	
2001)	 for	 6	days	 at	 25°C;	WDL7	was	 plated	 and	 grown	 on	 Luria–







turer’s	 instructions.	A	paired-	end	 library	 (90	bp	reads	with	an	 insert	
















prophages	 in	 the	 bacterial	 genomes	 (Zhou,	 Liang,	 Lynch,	Dennis,	&	
Wishart,	 2011).	Undetected	or	 erroneously	 annotated	 linuron	 cata-
bolic genes were identified and reannotated manually. The details of 
the	draft	genome	assemblies	are	summarized	in	Table	S3.























Of	 rRNA-	depleted	 RNA,	 1.0–1.5	ng	 was	 used	 to	 construct	
RNAseq	libraries	using	the	ScriptSeq™v2	RNAseq	Library	Preparation	




were	 added	 to	 the	 libraries	 using	 the	 Scriptseq	 Index	 PCR	 Primers	
(Epicentre)	and	the	barcoded	 libraries	were	PCR	amplified	according	
to	the	manufacturer’s	instructions.	The	Agencourt	AMPure	XP	system	
(Beckman	 Coulter)	 was	 used	 to	 purify	 both	 the	 3′-	terminal-	tagged	




volume	 in	consortium	samples	 (Breugelmans	et	al.,	2008),	 the	seven	
equimolar	 consortium	 and	 monoculture	 libraries	 were	 multiplexed	
in	 a	 5:1	 volume	 ratio	 prior	 to	 sequencing	 to	 obtain	 sufficient	 tran-
script reads of all strains in the consortium samples. Hundred cycle 
paired-	ended	reads	were	obtained	by	Illumina	Hiseq	sequencing	at	the	
Genomics	Core	UZ	Leuven	facility	(KU	Leuven).
2.4 | Determination of differential gene 
expression values
Sequences	were	trimmed	to	only	retain	bases	with	a	PHRED	quality	
score of at least 30 near their ends using Trimmomatic version 0.32. 
For	every	replicate	separately,	the	trimmed	reads	were	aligned	against	
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gene	 in	consortium	and	monospecies	conditions,	 the	number	of	 re-
tained	read	pairs	were	counted	in	every	sample	using	HTseq	version	











of	 the	 sampling	 size	 in	 consortium	and	monoculture	RNAseq	 librar-
ies.	The	sampling	size	was	expressed	as	the	number	of	read	pairs	that	
uniquely	mapped	 to	CDS	of	WDL1	or	WDL7	 in	each	 library.	Genes	
were	called	differentially	expressed	between	consortium	and	mono-
culture	conditions	when	|log	2	fold	change|	≥1.	We	did	not	take	into	
account the p-	values	 of	 the	 differential	 expression	 analysis	 as	 this	
would be too restrictive. This was shown before to be a valid ap-
proach	to	analyze	differential	transcriptomic	data	(Beliaev	et	al.,	2014;	
Horinouchi	et	al.,	2010;	Suzuki,	Horinouchi,	&	Furusawa,	2014).	While	
this	 approach	 is	more	 prone	 to	 false	 positives,	 this	 is	 offset	 by	 the	
subsequent	pathway	analysis	which	is	more	robust	to	false	positives.
2.5 | Differential gene expression analysis
Analysis	 of	 differentially	 expressed	 genes	was	 based	 on	 the	 Kyoto	
Encyclopedia	of	Genes	and	Genomes	(KEGG)	orthology	classification	
of	 proteins	 (http://www.genome.jp/kegg/).	 KEGG	 identifiers	 for	 the	
CDS of the three genomes of the consortium members were obtained 
by	 exporting	 the	 amino	 acid	 sequences	 of	 all	 CDS	 from	 the	 RAST	
server	and	uploading	them	on	the	KEGG	automatic	annotation	server	
(http://www.genome.jp/tools/kaas/).	 To	 unveil	 pathways	 and	 other	
cellular	 systems	 underlying	 the	 differentially	 expressed	 genes	 be-
tween	consortium	conditions	and	isolated	conditions	for	both	WDL1	
and	 WDL7,	 the	 network-	based	 algorithm	 PheNetic	 (De	 Maeyer,	
Weytjens,	Renkens,	De	Raedt,	&	Marchal,	2015)	and	the	Search	Brite	
tool	 for	 functional	 classification	 using	 KEGG	 orthology	 (Kanehisa,	
Goto,	Sato,	Furumichi,	&	Tanabe,	2012)	were	used.	PheNetic	searches	
for	common	pathways	between	differentially	expressed	genes	based	


















2.6 | Verification of differential transcription using 
transcriptional gene fusions
Transcriptional gene fusions between the promotor regions of the 
glycerate biosynthesis operon (gcl)	and	of	the	3-	oxoadipate	catabolic	
operon (pca)	of	WDL7	with	the	promoterless	gfpmut3.1 in the broad 
host	range	vector	pRU1097	were	constructed	in	WDL7	and	tested	for	
expression	in	WDL7	monoculture	and	WDL1/WDL7/WDL6	consor-
tium biofilms as reported in Data S1.
2.7 | Nucleotide sequence accession numbers
The	draft	genome	sequences	of	Variovorax sp.	WDL1,	C. testosteroni 
WDL7,	 and	H. sulfonivorans	WDL6	 have	 been	 deposited	 at	 DDBJ/
EMBL/GenBank	 under	 the	 accession	 numbers	 LMTS00000000,	
LMXT00000000,	and	LMTR00000000,	respectively.
3  | RESULTS
3.1 | Linuron and 3,4- DCA degradation performance 
of consortium and monoculture biofilms











tion stagnating around 35% of the influent concentration. Minor ac-
cumulation	of	3,4-	DCA	was	observed	in	both	consortium	and	WDL1	
monoculture	biofilms,	never	exceeding	3%	and	2%	(molar	equivalent)	
of	 the	 linuron	 influent	 concentration,	 respectively.	 In	WDL7	mono-
culture	 biofilms	 fed	with	 3,4-	DCA,	 effluent	 3,4-	DCA	 concentrations	
started	 to	 decrease	 after	 2	days	 of	 operation.	 After	 4	days,	 steady-	
state	degradation	was	obtained	and	effluent	3,4-	DCA	concentrations	
remained	around	14%	of	the	influent	concentration	(Figure	1b).
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3.2 | Overall analysis and validation of RNAseq data
Samples for transcriptome analysis were taken after 2 weeks of steady 
linuron	or	3,4-	DCA	degradation.	Sequencing	of	all	cDNA	libraries	re-
sulted	 in	a	 total	of	74	million	 read	pairs	 (Table	1).	Monoculture	and	
consortium	libraries	had	been	multiplexed	in	a	1:5	concentration	ratio	
for	 sequencing	which	was	 reflected	 by	 the	 numbers	 of	 reads	 from	




A	 challenge	 for	 performing	 RNAseq	 analysis	 using	 transcript	 data	
from	mixed	cultures	is	the	risk	that	reads	will	be	mapped	erroneously	
to	orthologous	 genes	present	 in	 the	other	 strains.	 Therefore,	 reads	
that	show	nonunique	alignment	on	the	compiled	triple-	species	refer-
ence	genome	sequence	were	discarded.	Results	show	that	on	average	
only	9	 (±1)%	of	 the	 reads	of	 the	 consortium	 samples	were	 as	 such	




The percentage of retained read pairs that mapped to CDSs was low 
for	all	samples:	0.4%	for	the	WDL1	monoculture	biofilm,	1.1%–1.5%	
for	 the	 three	WDL7	monoculture	 biofilms,	 and	 0.7%–1.0%	 for	 the	
three consortium biofilms. The number of read pairs mapping to CDSs 
ranged	from	6,008	to	227,025	which	is	lower	than	that	observed	in	
comparable	 studies	 (300,000–1,000,000	 read	 pairs)	 (Frias-	Lopez	 &	
Duran-	Pinedo,	2012;	Rosenthal	et	al.,	2011).	Rarefaction	curve	analy-








tained for biological replicates of the different samples were highly 
correlated,	with	a	Pearson’s	correlation	(r)	of	on	average	0.99	between	
pairs	of	WDL1	in	consortium	samples,	of	0.93	for	pairs	of	WDL7	in	
consortium	 samples,	 and	 of	 0.97	 between	 the	WDL7	monoculture	
samples.	RNAseq	inferred	differential	expression	levels	observed	be-
tween consortium and monoculture conditions were reassessed by 









point with error bar represents the mean 


































































Replicate No. of read pairs
No. of filtered read pairs 
(PHRED score >30)
No. of uniquely 
mapped read pairs
No. of read pairs 
uniquely mapped 
to rRNA
No. of read pairs 
uniquely mapped to CDS
WDL1 1 8,090,000 7,921,052 6,491,448 6,032,872 26,258
WDL7 1 1,360,000 1,329,361 1,169,256 1,077,552 12,466
2 470,000 463,034 420,385 384,077 6,008
3 3,330,000 3,248,923 2,783,049 2,478,562 41,470
Consortium 1 15,850,000 15,441,928 13,920,873 13,080,821 107,069
2 25,040,000 24,490,945 22,529,095 14,805,214 227,025
3 20,590,000 20,005,138 18,442,744 17,227,266 134,644
Total 74,720,000 72,900,381 65,756,850 55,086,363 554,940
CDS,	coding	sequences.
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qRT-	PCR	for	 four	genes	of	WDL1	 (hylA,	dcaQ,	ccdC,	and	phoA)	and	
five	genes	of	WDL7	 (pcaF,	glxR,	pilM,	pilY1,	 and	yrbC).	Those	genes	
were selected as they were considered as potentially involved in inter-
species interactions based on annotation (hylA,	dcaQ,	ccdC,	pcaF,	and	









3.3 | Transcriptional responses in Variovorax sp. 
WDL1 when grown in consortium conditions
In	WDL1,	1372	CDSs	showed	differential	expression	between	mono-
culture	and	consortium	conditions.	The	differentially	expressed	CDSs	




The linuron hydrolase gene hylA	in	WDL1	appeared	more	than	100-	
fold	 overexpressed	 in	 consortium	 conditions	 (Table	S1),	 while	 all	
three	 genes	 of	 the	 3-	oxoadipate	 catabolic	 operon	 (pcaFIJ)	 required	





dioxygenase	 and	 the	 ccdCFDE gene cluster encoding conversion of 
chlorocatechols	 to	 3-	oxoadipate	 were	 not	 differentially	 expressed	
















     |  7 of 14ALBERS Et AL.
in both consortium conditions and monoculture conditions indicating 
their	 high	 expression	 in	WDL1	 regardless	 of	 the	 strain	 was	 grown	
alone	or	together	with	WDL7	and	WDL6	(Table	S2).









of the genes determining the anabolic pentose phosphate pathway 
(K00615,	K01623,	K00616,	K01835,	K00036,	 and	K00033)	 includ-
ing genes encoding the conversion of β-	d-	glucose-	6P	to	d-	ribulose-	5P	
and of d-	glyceraldehyde-	3P	 to	 d-	ribulose-	5P	 and/or	 d-	ribose-	5P	
(Figure	S2).	 Another	 important	 fraction	 (88	 CDS)	 of	 the	 enzyme-	
encoding	 genes	 that	were	 differentially	 expressed	were	 involved	 in	
amino	 acid	metabolism,	 and	PheNetic	 selected	 several	 differentially	
expressed	pathways	that	relate	to	amino	acid	metabolism.	Genes	en-




tium	 conditions	 (Figure	S4).	 Moreover,	 in	 cysteine	 and	 methionine	
metabolism,	 several	genes	 that	were	 involved	 in	cycling	of	 the	cen-




the uptake of amino acid and carbohydrate molecules was also indica-
tive of a metabolic response upon coculturing. Most of the transport-
ers	are	members	of	the	ATP-	binding	cassette	superfamily	 (Table	S1).	
Changes in general cell metabolism were further suggested by altered 
expression	in	pathways	involved	in	sulfur	and	nitrogen	transport	and	
metabolism. Pathways involved in sulfur transport and metabolism 








species biofilms compared to their growth 
in monoculture biofilms
8 of 14  |     ALBERS Et AL.
well	as	an	operon	spanning	three	genes	(K00390,	K00381,	K00957)	






Also,	DNA	metabolism	 appeared	 to	 be	 affected.	 Increased	DNA	
synthesis	by	WDL1	in	consortium	conditions	is	suggested	by	the	un-
derexpression	 of	 degradation	 of	 purine	 and	 pyrimidine	 nucleotides	
(K00758,	 K01081)	 and	 overexpression	 of	 formation	 of	 deoxynucle-





that	genes	 involved	 in	heme	production	 (K01599,	K02495,	K02492,	
and	K01698)	were	overexpressed	in	consortium	conditions	(Figure	S8).


















stress	 response	 indicating	 that	WDL1	 experiences	 cellular	 stress	 in	
consortium conditions. rpoH and hrcA	were	overexpressed	in	consor-
tium compared to monoculture conditions. rpoH encodes sigma factor 




Other	 responses	 of	 WDL1	 in	 consortium	 conditions	 included	
functions	 that	 could	 not	 directly	 be	 related	 to	 metabolism,	 stress,	
or cell to cell interactions. Eleven genes involved in copper homeo-
stasis	 were	 overexpressed	 in	 consortium	 conditions,	 including	 a	




3.4 | Transcriptional responses elicited 
in C. testosteroni WDL7 when grown in 
consortium biofilms
Only	169	CDSs	in	WDL7	showed	differential	expression	when	com-
paring	 monoculture	 with	 consortium	 conditions.	 Similar	 to	WDL1,	
only	a	few	genes	of	the	gene	clusters	predicted	to	be	involved	in	3,4-	
DCA	degradation	were	 differentially	 expressed	 in	WDL7.	The	dcaB 
gene of the dcaQTA1A2B	 cluster	 encoding	 the	 oxygenation	 of	 3,4-	
DCA	in	WDL7	was	twofold	underexpressed	in	consortium	conditions	
(Table	S1).	Furthermore,	in	contrast	to	WDL1,	only	pcaF of the pcaFIJ 
operon,	 that	 is,	 the	 gene	 encoding	 acetyl-	CoA	 acetyltransferase	







were	 not	 differentially	 expressed	 and	 all	 3,4-DCA	 catabolic	 genes	
represented together more than 25% of the transcript reads indicat-
ing	 a	 high	 expression	 of	 the	 3,4-DCA	 catabolic	 pathway	 in	WDL7	
(Table	S2).
One	 system	 that	was	 selected	 by	 PheNetic	 as	 clearly	 underex-
pressed	in	WDL7	under	consortium	conditions	was	the	high-	affinity	
cbb3-	type	 cytochrome	 c	 oxidase	 (K00404,	 K00405,	 K00406;	
Figure	6).	None	of	the	other	three	terminal	respiratory	oxidase	gene	
clusters	 in	WDL7	 showed	 altered	 expression	 in	 consortium	 condi-
tions	compared	to	monoculture	conditions.	Another	operon	that	was	
strongly	affected	in	WDL7	in	consortium	conditions	was	the	glycer-
ate biosynthesis operon (gcl;	K01608,	K00042,	K01816).	This	operon	
is	 involved	in	the	conversion	of	glyoxylate	to	glycerate	and	showed	
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17	of	53	genes	coding	 for	 ribosomal	proteins	 in	WDL7	were	over-
expressed	 in	 consortium	 conditions.	Nearly	 one	 third	 of	 the	 genes	







4.1 | Expression of linuron catabolic pathway genes 
in WDL1 changes upon coculturing of the consortium 
members
The	 WDL1	 hylA gene encoding linuron hydrolase showed strong 
overexpression	 in	 consortium	 conditions.	The	 higher	 expression	 of	
hylA	per	cell	in	WDL1	under	consortium	conditions	is	remarkable	but	
can	be	at	least	partially	be	explained	by	recent	observations	that	(1)	
WDL1	consists	of	two	subpopulations,	one	carrying	hylA and lacking 
the	3,4-	DCA	multicomponent	dioxygenase	gene	cluster	and	one	that	
carries	 only	 the	 3,4-	DCA	 pathway,	 and	 (2)	 the	 linuron-	hydrolyzing	
WDL1	subpopulation	becomes	more	abundant	(up	to	10-	fold)	when	
grown	 in	 consortium	 conditions	 than	when	 grown	 in	monoculture,	
as	shown	by	qPCR	targeting	hylA and the dca gene cluster in other 
identically	operated	biofilm	experiments	 (P.	Albers,	unpubl.	 results).	
Regardless	 of	 the	 dynamics	 of	 the	 linuron-	hydrolyzing	WDL1	 sub-
population,	the	overall	higher	abundance	of	hylA transcripts in con-
sortium	conditions	suggests	an	increased	production	of	HylA,	which	
can obviously be linked with the enhanced degradation of linuron in 
consortium biofilms. The pcaFIJ operon consisting of three genes en-
coding	 the	 last	steps	 in	 linuron	conversion	 to	TCA	cycle	 intermedi-
ates	was	underexpressed	 in	WDL1	 in	 consortium	 conditions.	As	 in	
Sinorhizobium meliloti,	the	pca	operon	of	WDL1	is	preceded	by	a	regu-
latory	gene	that	encodes	an	IclR-	type	regulator	which	upon	interac-





be	 speculated	 that	 a	 lower	expression	of	 the	pca	 operon	 in	WDL1	
is	 a	 consequence	of	 catabolic	 repression	by	metabolic	waste	prod-
ucts	 or	 nutrients	 supplied	 by	 the	 other	 strains	 (Bleichrodt,	 Fischer,	
&	Gerischer,	2010).	Regarding	the	linuron	catabolic	genes	in	WDL7,	





biofilm	 conditions	 (Dejonghe	et	al.,	 2003).	This	 observation	 further	
confirms	 that	 there	 is	 metabolic	 association	 between	 WDL1	 and	
WDL7	during	linuron	degradation.
4.2 | Coculturing of strains modulates 
additional metabolic pathways in the linuron- 
degrading consortium
As	 reported	 above,	 we	 recently	 observed	 that	WDL1	 consists	 of	
a	 linuron-	hydrolyzing	 and	 a	 3,4-DCA-	oxidizing	 subpopulation.	
Considering	 that	 the	 linuron-	hydrolyzing	WDL1	 subpopulation	 re-
trieves	no	energy	or	carbon	 from	 linuron	hydrolysis,	 its	growth	on	
linuron	in	consortium	conditions	can	only	be	explained	by	the	uptake	
and metabolism of alternative carbon sources produced by the other 
consortium	members	during	linuron	degradation.	Cross-	feeding	and	
growth on compounds other than linuron metabolites is indeed sup-
ported	 by	 the	 many	 differentially	 expressed	 genes,	 particularly	 in	
WDL1,	that	can	be	linked	to	the	exchange	of	metabolites	with	their	
environment.	First,	 the	high	number	of	genes	coding	 for	 functions	
involved	in	transport	and	two-	component	systems	in	WDL1	that	are	
overexpressed	 in	 consortium	 conditions,	 likely	 reflects	 a	 substan-




of	the	other	strains.	The	metabolic	footprint,	 that	 is,	 the	ensemble	
of	metabolites	in	the	extracellular	space	as	a	result	of	uptake	of	nu-
trients	 and	 the	 excretion	of	metabolites,	was	previously	 shown	 to	
be,	 among	 other	 factors,	 a	 species-	specific	 trait	 (Kell	 et	al.,	 2005;	
Palama	 et	al.,	 2016).	A	 similar	 change	 in	 expression	of	 genes	 cod-
ing for membrane proteins in multispecies biofilms of soil bacteria 
was	 observed	 before	 (Hansen,	 Ren,	 Burmolle,	 &	 Sorensen,	 2017).	
Second,	the	altered	expression	of	genes	encoding	enzymes	involved	
in	 metabolic	 pathways	 is	 similarly	 indicative	 of	 cross-	feeding	 be-
tween	 the	 consortium	members.	Amino	 acids	 appear	 as	 one	 such	
type	of	molecules	exchanged	in	the	consortium	as	suggested	by	the	
altered	 expression	 in	WDL1	 of	 genes	 involved	 in	 amino	 acid	me-
tabolism	and	transport,	but	also	by	a	change	in	expression	of	genes	
involved	 in	 nitrogen	 regulation,	 uptake	 of	 inorganic	 nitrogen,	 and	
assimilation	 via	 glutamine	 synthetase.	 Differential	 expression	 of	
genes involved in nitrogen metabolism in bacteria as a response 





acids was previously shown to enhance degradation of linuron in 
monocultures	of	 linuron-	degrading	Variovorax strains that were re-




delivering	metabolite	of	 linuron	degradation	by	 the	WDL1	cells	 in	
consortium	conditions	due	to	the	more	efficient	uptake	by	WDL7.	
The	underexpression	of	genes	involved	in	the	biosynthesis	of	sulfur-	
containing	compounds	 such	as	 thiamine,	methionine,	 and	cysteine	
in	 consortium	 conditions	 in	 WDL1	 could	 point	 toward	 a	 lower	
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dependence on de novo synthesis of these compounds when they 
are obtained from other strains in consortium conditions. This was 
also	observed	previously	in	a	cyanobacterial-	heterotrophic	coculture	
(Beliaev	et	al.,	2014).








strong change in regulation of metabolic pathways between growth 




conditions	 based	 on	 the	 abundant	 overexpression	 of	 one	 third	 of	
WDL7	genes	encoding	for	ribosomal	proteins.	This	has	been	described	




4.3 | Coculturing of consortium strains triggers a 
stress response in WDL1




















tion implying that the ecological interactions between the consortium 
members	are	more	complex	than	merely	the	exchange	of	metabolites.	
Nadell,	Xavier,	and	Foster	 (2009)	stated	before	 that	 the	benefits	of	
mutualistic	interactions	do	not	exclude	the	existence	of	conflicts	be-
tween tightly associated strains as they might be competing for other 
limited	resources	such	as	oxygen	or	space.
4.4 | Potential involvement of cell to cell interactions 
in shaping the linuron- degrading consortium
In	this	study,	we	observed	two	types	of	contact-	dependent	 interac-
tion	systems	(T6SS	and	CDI)	that	were	overexpressed	in	consortium	
conditions	 in	WDL1.	 In	 both	T6SS	 and	CDI,	 toxic	 effector	 proteins	
and	antitoxins	 form	a	 functional	pair	and	mediate	growth	 inhibition	
of neighboring competitor cells that do not produce the identical 
toxin/antitoxin	pair	(Garcia,	Perault,	Marlatt,	&	Cotter,	2016;	Russell,	
Peterson,	&	Mougous,	2014).	As	explained	above,	strains	that	mutu-
ally	 benefit	 from	 coexistence	 can	 at	 the	 same	 time	be	 competitors	
for	other	resources,	and	the	T6SS	and	CDI	systems	might	be	used	by	
WDL1	 for	 contact-	dependent	 interference	competition	with	WDL6	
and	WDL7.	However,	CDI	and	T6SS	can	also	mediate	cooperation	and	









express	social	 traits	 (Russell	et	al.,	2014).	 In	 that	context,	 it	was	 re-
cently shown that the CDI system of Burkholderia dolosa alters gene 
expression	in	B. thailandensis	showing	that	“self”-	bacteria	can	belong	
to	different	species	as	long	as	they	produce	the	same	toxin–antitoxin	
pair	 (Garcia	 et	al.,	 2016).	However,	we	 only	 identified	T6SS	 or	CDI	
toxin	 or	 antitoxin	 genes	 in	WDL1	 and	 not	 in	 the	 other	 consortium	
members.	The	involvement	of	interspecies	contact-	independent	sign-
aling in the consortium is further suggested by the higher transcript 
abundance of an luxR/luxI-	like	 quorum-	sensing	 module	 in	 WDL1	
which is indicative of a higher concentration of autoinducer molecules 
produced	by	WDL1	in	consortium	biofilms.	Intriguingly,	this	quorum-	
sensing	gene	module	is	only	present	in	the	linuron-	hydrolyzing	sub-




is typically enhanced when a bacterial population reaches a criti-
cal	 population	 density	 (quorum).	 However,	 the	 increased	 transcript	
abundance of the luxI-	 and	 luxR-	like	 genes	 in	WDL1	 in	 consortium	
conditions	 is	 only	 3-	 and	 15-	fold,	 respectively,	which	 is	 not	 higher	
than	 the	 10-	fold	 increased	 abundance	 of	 the	 linuron-	hydrolyzing	
WDL1	 subpopulation	 in	 consortium	 conditions	 (P.	 Albers,	 unpubl.	
results).	These	data	suggest	that	the	higher	transcript	abundance	of	
quorum-	sensing	 genes	 in	 consortium	 conditions	 is	merely	 a	 conse-
quence	of	an	increased	abundance	of	the	linuron-	hydrolyzing	WDL1	
subpopulation instead of being caused by a positive feedback loop 
mechanism	 of	 quorum-	sensing	 genes	 upon	 the	 linuron-	hydrolyzing	
WDL1	subpopulation	reaching	a	critical	quorum.	Also,	it	is	not	known	
whether	 the	 quorum-	sensing	mechanism	 controls	 only	 intraspecific	
cellular functions or if it is also triggering cellular responses in the 
12 of 14  |     ALBERS Et AL.
other	 consortium	members.	No	 luxR-	 or	 luxI-	like	 genes	were	 found	
in	WDL6.	 However,	 a	 luxR-	type	 regulatory	 gene	with	 autoinducer-	
binding	 domain	 (PF03472.13)	 is	 present	 in	 WDL7	 (APV28_3331),	
whereas no luxI-like	gene	was	identified	suggesting	that	WDL7	does	
not	 produce	 autoinducers.	 LuxR-	homologs	 are	 commonly	 found	 in	
bacteria that are not producing autoinducer molecules (Subramoni & 
Venturi,	2009).	Some	of	these	so-	called	“LuxR-	solos”	detect	and	re-
spond	to	autoinducer	molecules	produced	by	other	species,	such	as	
the	quorum-	sensing	LuxR-	type	regulator	SdiA	in	E. coli and Salmonella 
strains	controlling	cellular	functions	such	as	adhesion,	putative	Type	
VI	secretion,	and	virulence	and	that	respond	in	vivo	to	autoinducers	
produced by other species such as Aeromonas hydrophila in the gas-







between the consortium members that in particular are used by 
WDL1	for	growth.	In	comparison	to	WDL7,	WDL1	shows	a	more	ex-
tensive	response	upon	coculturing	with	WDL6	and	WDL7,	including	
the	 increased	expression	of	hylA encoding linuron hydrolase which 




signaling systems contribute to the well functioning of the consor-
tium	 remains	 to	 be	 elucidated.	On	 the	 contrary,	Type	VI	 secretion	
and	CDI	 could	 also	 be	 used	 by	WDL1	 in	 interference	 competition	
with	WDL6	or	WDL7.	This	raises	the	question	if	synergistic	linuron	
degradation by the consortium involves true adaptive cooperation 
or is rather a byproduct of selfish interactions between the consor-
tium strains that are competing for other nutrients and space. The 
apparent	experience	of	stress	by	WDL1	favors	the	latter	hypothesis.	
Furthermore,	 a	 large	 number	 of	 differentially	 expressed	 genes	 in	
WDL1	 and	WDL7	were	 coding	 for	 hypothetical,	 putative,	 and	 un-
known proteins which was also observed in similar studies with other 
consortia	(Frias-	Lopez	&	Duran-	Pinedo,	2012;	Gonzalez-	Torres	et	al.,	
2015;	 Kimes,	 Lopez-	Perez,	Auso,	 Ghai,	 &	 Rodriguez-	Valera,	 2014).	
These	uncharacterized	proteins	might	 include	novel	 functions	 that	
are	important	for	the	well-	functioning	of	consortia	and	their	study	is	
of interest for gaining more insight into the synergistic mechanisms 
in bacterial consortia.
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